Mid-infrared dual-comb spectroscopy by means of quantum cascade laser frequency combs is demonstrated. Broadband high resolution molecular spectroscopy is performed, showing the potential of quantum cascade laser combs as a compact, all solid-state, chemical sensor.
Introduction
Dual-comb spectroscopy [1] performed in the mid-infrared -where molecules have their strongest ro-vibrational absorption lines -offers the promise of high spectral resolution broadband spectroscopy with very short acquisition times (μs) and no moving parts. Recently, we demonstrated frequency comb operation of a quantum cascade laser [2] . We now use that device in a compact, dual-comb spectrometer. Broadband high resolution molecular spectroscopy is demonstrated, showing the potential of quantum cascade laser combs as the basis for a compact, all solid-state, broadband chemical sensor [3] .
Mid-IR QCL frequency combs
We employ two QCL frequency combs based on a broadband design operating in continuous wave at room temperature. We use 6 mm long devices, corresponding to comb spacings of 7.5 GHz (0.25 cm −1 ). The optical spectra of the combs are represented in Fig. 1a . The combs span 50 cm −1 with a comb spacing of 0.25 cm −1 . Fig. 1b shows the intermode beat notes of the two combs. We observe two intermode beat notes spaced by 12.6 MHz. Both intermode beats show extremely narrow linewidths (< 500 Hz, resolution bandwidth limited), which is a signature of the phase-locking mechanism of the combs. Fig. 1c shows the frequency noise power spectral density (FNPSD) of the QCL comb. The frequency noise of the QCL comb is identical to the one measured in single-mode devices. 
Dual-comb spectroscopy
Dual-comb spectroscopy can be seen as a form of Fourier transform spectroscopy, as shown in Fig. 2a . Two combs with slightly detuned repetition frequencies are heterodyned leading to a down-converted frequency comb in the RFdomain. While one comb is used as a local oscillator, the other is used to interrogate an absorbing sample and so that the RF-signal contains information regarding the sample absorption at the optical frequency of the comb line interrogating the sample. A dual-comb spectroscopy setup is realised with the two QCL frequency combs previously described and is depicted in Fig. 2b . We performed dual-comb spectroscopy measurements of water vapour in air. Fig. 3a shows a typical multi-heterodyne spectrum. Fig. 3b shows the transmission of water vapour in air measured with the dual-comb set-up as well as a transmission simulation using HITRAN database. A clear agreement between the measured spectra and simulated spectra with HITRAN database is observed over the entire measurement bandwidth (16 cm −1 ) and the absolute value of the transmission could also be retrieved. The residual between the water vapour measured with the dual-comb set-up and the HITRAN database simulation was also computed and is shown in Fig. 3c .
In conclusion, we have demonstrated a compact, semiconductor-based dual-comb spectrometer based on QCL frequency combs. 
